ABSTRACT In some high-precision control applications, such as defense industry and computerized numerical control machine tools, fast and stable electromagnetic torque response is required to ensure the high dynamic performance of the system, while traditional PI control often cannot meet its requirements. For this purpose, a predictive control algorithm based on the deadbeat control algorithm is proposed in order to improve the performance of the motor current loop. In order to solve the problem that the conventional deadbeat control algorithm has a large dependence on system parameters and low robustness, this paper proposes an improved deadbeat control scheme for the permanent magnet synchronous motor based on the three-level inverters. The scheme is based on the second theorem of Lyapunov stability. The improved deadbeat control algorithm can achieve a good output waveform when the switching frequency is not high and the response speed is fast. The robustness of the system is improved, and there are good characteristics in reduced torque ripple. Compared to the traditional PI regulators, the improved deadbeat control can quickly track the current commands without overshoot and oscillation and suppress torque ripple. The simulation and experimental results show that the improved deadbeat control proposed in this paper has good dynamic and static performance.
I. INTRODUCTION
Permanent magnet synchronous motors (PMSM) are increasingly being used in AC servo fields. PMSMs have many advantages, including small sizes, simple structures, high power densities, small torque ripples and excellent operational efficiencies that operate over high precision controls [1] - [3] . However, PMSMs are multivariable strong coupling and nonlinear time-varying parameter systems [4] . Traditional magnetic field orientation control applied PI controller to the outer ring speed loop and the inner current loop [5] . However, PI controller has poor robustness and inadequate adaptability when the load disturbance. Therefore, the stability of the torque current loop is decreased [6] , [7] .
The associate editor coordinating the review of this manuscript and approving it for publication was Gaolin Wang. Due to the increase in the number of output voltage levels, the three-level inverter makes the output waveform have a better harmonic spectrum and can achieve the purpose of improving the output waveform [8] .
As commercial microprocessor performance increases, more complex algorithms can be used in current control cycles. Adding deadbeat control (DBC) to motor current loops currently a hot research topic [9] - [11] . Deadbeat controller use current commands and sampling data from motor current and position information to accurately calculate the voltage vector that needs to be applied in the next control period. Thus, the motor current can precisely follow the command current value after one cycle of the voltage vector is applied [12] . Deadbeat controller can reduce torque harmonics and improve steady-state accuracy during dynamic processes.
In [13] and [14] , the current of the next control cycle can be predicted using seven distinct voltage vector outputs at the inverter and determining the output voltage vector via an evaluation function. The current frequency of this method is fast, but the current ripple is large. Reference [15] proposed a deadbeat control algorithm with loose current deviation constraints and smooth output voltage.
Some scholars implement current prediction control by introducing weighting factors and compensating rotor position angles [16] - [19] . Reference [20] proposed a deadbeat control algorithm based on repetitive control, which can eliminate periodic interference. Reference [21] Improves the robustness of deadbeat control by introducing a velocity adaptive observer.
This paper proposes an improved DBC scheme for permanent magnet synchronous motor based on three-level inverters. The PI controller is replaced by the deadbeat controller to improve the shortcomings of the overshoot and oscillation adjustment process and the one-step-delay in the vector control system. The scheme is based on the second theorem of Lyapunov stability. Lyapunov function is a powerful tool for studying stability and robustness [22] - [24] . The simulation and experimental results show that the improved method has excellent dynamic and steady-state performance.
II. PMSM VECTOR CONTROL SYSTEM A. THE MATHEMATICAL MODEL OF PMSM
To analyze and control the permanent magnet synchronous motor (PMSM), a simple and feasible mathematical model is needed [25] - [27] . In the synchronous rotating coordinate system, the flux linkage of the permanent magnet synchronous motor, the voltage equation is:
where 
where, n p is the motor pole pair. Fig.1 is a block diagram of the vector control system of the PMSM with a speed-based outer ring and current-based inner ring.
B. VOLTAGE SPACE VECTOR CONTROL
The topology of the diode-clamped three-level inverter in a PMSM system is shown in Fig.2 . There are three state definitions for the output voltage of each leg. S a , S b and S c are the states of the three bridge arms respectively [28] , [29] .
where x = a, b, c; 1 stands for ''on'' and − 0 stands for ''off''. The performance of the inverter is largely influenced by the PWM control method. The commonly used three-level control methods are sinusoidal pulse width modulation (SPWM), space vector pulse width modulation (SVPWM) and specific harmonic cancellation pulse width modulation (SHEPWM). Because SVPWM has the advantages of convenient microcomputer control, small conversion ripple, high DC voltage utilization, easy digital implementation, good output waveform quality, close to sinusoidal and low noise, this paper will adopt SVPWM modulation.
For a three-phase symmetrical system, a total of 3 3 switch states can be combined. Each switch state corresponds to one space voltage vector. Therefore, the three-level inverter has a total of 27 space voltage vectors, as shown in Fig.3 . The same voltage vector can correspond to different switch states. Thus, the more the inner layer, the more the corresponding redundant switch state, from the outermost hexagons to the inside of each layer. Thus, the vectors corresponding to the switch state redundancy increases by 1. Therefore, the 27 switch states on the α −β plane correspond to only 19 space vectors, which are basic space vectors. According to the difference of basic vector amplitude, 19 basic vectors and their corresponding switch states can be divided into four categories: a large vector, a medium vector, a small vector and a zero vector. The basic premise of an SVPWM algorithm is to select three adjacent basic vectors according to the large sector and small sector where the reference voltage vector is located, and then calculate the action time of each basic vector using the principle of voltsecond balance. The main purpose of a regional judgment is to determine three basic vectors of a synthesized reference voltage vector. The traditional algorithm divides the whole vector space into six large sectors according to a three-level basic space vector map. Each sector occupies 60 • in space, then each big sector is divided into 4 small sectors. However, since the short vector in the basic space vector appears more frequently in each sampling period, this paper subdivides each large area into 6 small areas, which can play a role in the neutral potential balance.
Taking the first large sector as an example, as shown in Fig.4 , the projection of the reference voltage vector V ref on the α-axis and the β-axis is V α and V β , and the argument is θ. If we set the main circuit DC bus Voltage V dc to, the largest space voltage vector amplitude V , then V = 2 * V dc /3.
After analyzing the region, we find three basic vectors V 1 , V 2 , V 3 of the synthesized reference voltage vectors by applying the rule of Nearest Triangle Vectors (NTV). Then substituting the result into the volt-second equilibrium equation yields:
The action time of the three basic vectors is determined according to t 1 , t 2 and t 3 . Each action time corresponds to the corresponding duty cycle. Similarly, other regions can solve the corresponding action time according to the first sector. Finally, the action time corresponding to the basic vector is assigned to the corresponding switch state, and the trigger waveform of the main circuit switching device is generated to complete the control of the switching device.
III. DEADBEAT CONTROL ALGORITHM A. CONVENTIONAL DBC ALGORITHM
Current formula can be extracted from the model (2) , that is shown below as:
Based on the current equations, letting the motor currents as state variables, then the following state space function can be got as (8) .
Because the permanent magnet synchronous motor used in this paper is surface-mount, the stator phase inductance is taken as the sampling period, and the (8) can be discretized into:
In the above formula, let:
The discretized current prediction model is expressed as:
Thus (10) can be rewritten as:
Assuming that the system output current can achieve fast tracking of a given reference current in one sampling period and achieve an accurate control effect, then i(k +1) = i * (k) is the current reference value. At last, discrete current predictive model of PMSM is shown as follows:
1) ERROR ANALYSIS
Let the motor parameters in (10) be actual values, they can be rewritten as:
Let u(k) = u 0 (k), then the equation for the influence of the change of the inductance resistance parameter on the current is shown as follows:
It can be seen from (14) that there is a static error between the actual current of the motor and the predicted current due to the change of the parameters of the motor during the operation of the motor.
2) STABILITY ANALYSIS
The control structure of the conventional deadbeat algorithm is shown in Fig.5 .
Since the sampling period T s is generally around 10 kHz, the motor resistance R s is generally in the order of m , and the inductance L is generally in the order of mH, then 1-T s R s /L can be approximated as 1. As can be seen from the conventional deadbeat control algorithm control structure in Fig.5 , the close loop function can be figured out as:
where m = L/L 0 is the coefficient of variation of the inductance.
It can be seen from (15) that the closed loop transfer function has only one closed loop pole as z = 1 − m. According to the stability condition of the closed-loop system, it must be satisfied that the pole is located in the unit circle, that is, |z| < 1, and only when 0 < m < 2 is stable.
From (15), the zero-pole distribution of G(z) when the inductance deviation coefficient changes can be plotted. As shown in Fig.6 , the zero-pole of the closed-loop transfer function drops as the inductance deviation coefficient changes in 0 < m < 2. Within the unit circle, the system is stable. When m > 2, the system is unstable.
B. IMPROVED DBC ALGORITHM
The inductance of the motor is obtained through testing, and there must be some error. During the operation of the motor, the temperature of the motor changes, and the inductance parameter changes with temperature. These two reasons will make the inductance parameters used in the controller inconsistent with the actual inductance of the motor, which will affect the performance of the controller [30] - [32] . Inaccurate inductance parameters will result in poor current control, current harmonics, and current accuracy. Therefore, VOLUME 7, 2019 the algorithm needs to be improved to reduce the sensitivity to the motor inductance parameters, so that the motor can still operate stably when the motor inductance parameters are less accurate. The Lyapunov function is a powerful tool for studying the stability and robustness of a system. It usually improves the steady-state performance and robustness of the system by adding error terms and defining control error coefficients.
For current inner loops, the control objective is to enable the input current i(k) to track the upper reference current i * (k), such that the error is close to zero, which is defined as follows:
The function L[ i(k)] is defined according to the Lyapunov stability theorem as:
It can be concluded from (16) and (17) that the function change between adjacent moments as:
In order to satisfy the stability theorem, the error control coefficient g will be introduced and defined as:
Obviously, when g ∈ (−1, 1), L[ i(k)] < 0, when the value of g 2 increases, the robustness of the system is enhanced to satisfy the Lyapunov stability condition.
It can be known from formula (20) :
Define the convergence speed of the discrete Lyapunov function as:
It can be seen from equation (22) that as the value of g 2 increases, the convergence speed will be slower, which means that the dynamic response speed of the system becomes slower. Therefore, the robustness and dynamic response speed should be considered comprehensively in the selection of the error compensation coefficient. Then g takes 0.5.
Substituting (19) into (11) gives the following formula:
The current structure of the improved DBC structure is shown in Fig.7 : From the improved DBC algorithm control structure in Fig.7 , the close loop function can be figured out as:
It can be known from (24) that the discrete system has a closed-loop pole z = 1 + m(g − 1). If the closed-loop pole of the discrete control system is stable, its closed-loop pole must be within the unit circle of the z-plane, that is, |z| < 1, then when 0 < m < 2/(1 − g), the system is stable.
When the error compensation coefficient satisfies 0 < g < 1, the algorithm tends to be stable. Selecting different compensation coefficients in the algorithm will obtain different inductance variation ranges, and the smaller the 1-g value, the larger the stability interval of the algorithm. Fig.8 shows the closed-loop pole-zero distribution map for improving the variation of the deadbeat inductance variation coefficient. Take the error coefficient g = 0.5, the inductance deviation coefficient is taken to 4, which exceeds the range of values allowed by the conventional DBC algorithm. In the conventional DBC algorithm, the system is already unstable, but with the improved DBC algorithm, as the error coefficient g increases, the zero-pole of the closed-loop transfer function can fall within the unit circle. The system can remain stable. The improved DBC algorithm can enhance the adaptability of the system to the degree of inductance deviation and enhance its robustness. Therefore, the improved DBC algorithm is more robust than the conventional DBC algorithm. 
IV. SIMULATION RESULTS AND ANALYSIS
To build a PMSM simulation model in a Simulink environment, the parameters of the motor are shown in Table 1 . The motor parameters in this paper are actual estimates. The parameters used by the DBC algorithm are taken from Table 1 . The control frequency is set to 10kHz. The load torque uses a step response. After 0.2 seconds, the load torque suddenly rises to 10 N · m. At 0.7s, the load torque drops to 0 N · m. At the initial system speed of 1000r/min, the motor starts unloaded. Fig.9 , Fig.10 and Fig.11 show the conventional DBC, the improved DBC and the traditional PI controlled d-q axis currents respectively. As can be seen from Fig.9 and Fig.10 , the conventional DBC has static error. The improved method has no similar problems due to the increase in stable areas. Therefore, the improved DBC method has better parameter adaptability than the conventional DBC method.
The current tracking effect of the improved DBC algorithm and the traditional PI control algorithm in the transient process can be seen from Fig.10 and Fig.11 respectively. As can be seen from the figure, the improved DBC algorithm has a faster current response speed than the conventional PI control algorithm. The improved DBC algorithm can reach the command value without overshoot, which is consistent with the theoretical analysis. In contrast, if the traditional PI controller gets a current response speed close to the DBC algorithm, there will be an overshoot and an oscillation adjustment process for the traditional PI control. Fig.12 shows the speed response waveform under the improved DBC algorithm, and Fig.13 shows the speed response waveform under the traditional PI control algorithm. It can be seen from the figure that the speed response speed is fast and the tracking precision is high under the improved DBC algorithm. Fig.14 shows the U ab waveform under the improved DBC algorithm, and Fig.15 shows the U ab waveform of the traditional PI control algorithm. It can be seen from the figure that the line voltage under the improved DBC algorithm is more stable during motor operation. Fig.16 shows the three-phase current waveform under the improved DBC algorithm, and Fig.17 shows the three-phase current waveform under the traditional PI control algorithm. It can be seen from the two figures that the sinusoidal three-phase current waveform based on the improved DBC algorithm is relatively smoother during the operation of the motor, and the glitch is small. In Fig.18 and Fig.19 , the FFT harmonic content analysis of the A-phase currents is further analyzed. The harmonic content under the improved DBC algorithm is smaller than the harmonic content under the traditional PI control algorithm. Fig.21 show torque waveforms based on the improved DBC algorithm and the traditional PI control algorithm. It can be seen from the figure that the traditional PI control torque waveform has a large pulsation, and its torque ripple coefficient reaches 13%. The torque ripple factor based on the improved DBC algorithm is reduced to 6%. The traditional PI control torque waveform has a large overshoot and oscillation. It can be seen from the figure that the torque suddenly increases from 0.2 s and the torque gradually increases to 14 N.m. After 0.1 s, the torque response stabilizes at the rated torque. It can be seen from the figure that the torque based on the improved DBC algorithm suddenly increases from 0.2 s, the torque gradually stabilizes to the rated torque after only 0.05 s, and there is no overshoot. It can be seen from the simulation waveform that the improved DBC algorithm has good suppression torque ripple characteristics. This is also a prominent feature of the improved DBC algorithm in the motor vector control system.
V. EXPERIMENTS RESULTS AND ANALYSIS
The experimental platform uses 28335DSP as the main control chip, the control frequency is set to 2kHz, and the surface mount PMSM is adopted. The parameters are shown in Table 1 . The experimental platform is shown in Fig.22 . It consists of a six-phase permanent magnet synchronous motor (three pairs of poles) as a load motor and a three-stage topology permanent magnet synchronous motor (four poles). When the motor is running, the load motor speed will be constant at 300 rpm. The current sampling and i d , i q are obtained by sending to the host computer through the CAN bus in the DSP. In the experiment, the rapid load torque variation was studied, so the step response was used, and the motor torque change suddenly increased from 0 N · m to 8 N · m.
On the experimental platform, the robustness verification of the conventional DBC algorithm and the improved DBC algorithm is performed. The motor torque change suddenly increased from 0N.m to 8N.m. The predicted motor parameters are shown in Table 1 , and their values are estimates. Therefore, there is a certain error between the predicted motor parameters and the actual motor parameters. It can be seen from Fig.23 and Fig.24 that the conventional DBC has a certain static difference in the running process of the motor, while the improved DBC algorithm has no static difference. The improved DBC algorithm has strong robustness from the experimental results.
It can be seen from Fig.25 and Fig.26 that the improved DBC algorithm runs smoothly, the motor torque waveform is relatively smooth, the waveform harmonic content is small, and the torque ripple is small. Torque waveforms based on traditional PI control algorithms will exhibit overshoot and vibration. According to Fig.27, Fig.28, Fig.29 and Fig.30 , the FFT harmonic content analysis of the phase A current is further analyzed. The harmonic content under the improved DBC algorithm is smaller than the harmonic content under the traditional PI control algorithm.
The experimental results show that the improved DBC algorithm has the advantages of faster current response, better tracking performance and less torque ripple of the motor than the traditional PI control algorithm. The experimental results are consistent with the simulation results.
VI. CONCLUSION
In order to solve the influence of parameter error on current control in conventional DBC algorithm. This paper proposes an improved deadbeat control scheme for permanent magnet synchronous motor based on three-level inverters. The traditional DBC and improved DBC error and stability are analyzed separately. Through stability analysis and simulation analysis, the improved DBC algorithm can reduce the system's dependence on parameter. In addition, the improved DBC algorithm and the traditional PI control algorithm are simulated and experimented accordingly. The results show that the improved DBC algorithm has good control performance, reduce torque ripple effectively, improves control accuracy, and meets actual control requirements. When the parameters are inaccurate, the improved DBC algorithm can make the feedback track the given value very well.
